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Many-Core Clusters

Many-Cores are more and more popular:

« They serve large parallel workloads (e.g. image-processing, genomics, deep-learning,
telecommunications...)

« They are built assembling loosely-coupled clusters

NPE L1 size PE/L1 L2 size PE/L2
Intel X86 KNL 72 32 KiB 1 1 MiB 32 (Tile)
’Esperanto ET-Soc-1 1088 1 KiB 1 4 MiB 32 (Shire)
3Tenstorrent Aegis 128 12 MiB 8 X MiB 256 (Cluster)
“Ramon RC64 64 DSP 4 MiB 64 X MiB 64 (Cluster)
°NVIDIA H-100 GPU 128 FP32 x 144 SM 256 KiB 128 60 MiB 128 (SM) x 144

[1] https://ark.intel.com/content/www/us/en/ark/products/95830/intel-xeon-phi-processor-7290-16gb-1-50-ghz-72-core.html
[2] https://www.esperanto.ai/wp-content/uploads/2022/05/Dave-IEEE-Micro.pdf

[3] https://tenstorrent.com/risc-v/

[4] https://indico.esa.int/event/182/contributions/1510/attachments/1398/1623/1240 - Ginosar.pdf

[5] https://developer.nvidia.com/blog/nvidia-hopper-architecture-in-depth/ o
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Many-Core Clusters... with L1 Shared-Memory

Having a large shared L1 is beneficial:
- Better global latency tolerance if L1, > 2%L2, ... *L2, .. s, (Little’s law + double buffer)
« Easier to program (data-parallel, functional pipeline...)

« Smaller data partitioning overhead
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TeraPool: 1024-Cores Approximation of PRAM Q%

MemPool - 256 cores TeraPool - 1024 cores

Tile Group 0 3 cycles Any core can access
?35’ Banks 0-4NPZgBanks 04N Banks 0-4N any bank, some
interconnection
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* 5 cycles to other Group
unm nnm (in the hypothesis of

Tile 0 Tile 0 scaling-up TeraPool from
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Snitch Cores (rv32ima) are
grouped in Tiles with TCDM

)K/ https://arxiv.org/abs/2303.17742 \o/
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We target fork-join parallelism

Fork-join programming model
 Parallel execution
« Cores access memory concurrently

* Cores are synchronized and a new parallel
execution can start

S
Parallel 3_
accesses D

bt

Can we push L1 shared-memory
synchronization to a 1024-cores cluster?

memory
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Shared Memory Synchronization

Synchronization barriers
« Arrival = atomic writes to a synch variable

« Hardwired wake-up triggers for departure

Reg. ->
M/ wake-up
add
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ISSUE: PEs arriving all together will
contend for the same memory resource!
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Shared Memory Synchronization

Synchronization barriers
« Arrival = atomic writes to a synch variable

« Hardwired wake-up triggers for departure
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Fast Partial Synchronization of Cores

sw 0x0006 0x00 // wakeup->Gl,GZ
E sw 0x0009 0x01 // wakeup->T0,T3 in GO

Arrival = narrower tree of sw 0x0010 0x09 // wakeup—>PEL6

atomics

« Departure = assert subsets

Group wakeup Reg.
1
of the wake-up triggers -

0 2|3 |4 |5]|6 |7
Ox00 |0O|1|1]0|0]|O0]|O]O

o . >
write a bit r.nask in Tile wakeup Reg. (x8) ) Q
wakeup registers: ox01- L0 11 123 [4]5]6]7]-|15 .

. X - 5':
« 1 Group wakeup register oxog (10|01 ]O0(Of(O[O]—]0 :— 8
« 8 Tile wakeup register = 3
Core wakeup Reg. o Z

01| 1 2|13 |14 |56 ]|7]..]|31

Ox09 (o|jo0o|j0jJO0O]J1|]0|]0]|]0O]~]0

: Lo )
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Benchmarking performance on PE’s arrival time Q%

* PEs runin parallel through a
synchronization-free region

|
PEO :

PE1 |
PE2 !
PE4 !

PE5 |
I

SFR
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Benchmarking performance on PE’s arrival time

* PEs runin parallel through a

| | |
PEO : : : @ synchronization-free region
PE1 | | @ « PEs are assignhed a random delay:
| |
PE2 | l @ At € [0, Atmax]
|
PE4 | :@3 : « There is scattering in.the arrival time
| | | of the PEs to the barrier
PE5 : : XD, : § synchronization
I | 1 2
SFR <€ >

At
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Best radix depends on arrival time

« Small delays - small radices are better
 Large delays - central-counter wins

Cycles for barrier call

2000 B log2 [ 1 Log64
B Log4 1 Log128
18001 0 Log8 [0 Log256
1600+ [ Logie [ Log512
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3 1400 B Counter
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Kernel runtime for a 10% overhead?

(++ Length of SFR) = Less barrier overhead 0.6
(++ Scattered PEs) - Longer SFR for 10% overhead o 051
E
=
S 0.4
SFR=2X103cycIes @Atmax = 0 (Log16) -
©20.3
SFR=1O4cycIes @Atmax = 2048 (C. Counter) ﬁ
» (.2
Q0
50.1
0.0
103 10

Log(SFR)
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Choose the best barrier-radix depending on the kernel! Q%

* Increasing the problem-size the overhead reduces

Runtime synchronization

« Sweet spot depends on the arrival time of PEs overhead between 2-10%

AXPY DOTP DCT MATMUL Conv2D 10
2101 0,86 | 0.76 | 0.63 | 0.46 | 2101 0.41 | 0.29 | 0.19  0.11 |210 {093 | 0.58 | 0.27 | 0.16 | 210 064 | 035 | 0.1 [210] 057 | 041 | 0.33 '
291076 | 0.63 | 0.47 [ 0.31 | 29{0.40 | 0.30 | 0.21 0.11| 29{0.88 | 0.43 |0.17 |0.09 | 29{ 048 | 020 | 007 | 29] 041 | 027 | 0.21 08

281063 | 0.48 | 0.33 | 0.20 | 28 0.40 | 0.30 | 0.21 * 2810.81 029 010|006 25| 034 | 013 | 005 | 28| 028 | 017 | 0.12

271050|035|022|012| 271042 0.31|0.20 2. 271072020 | 0.06 | 003 271 024 | 0.12 271 019 | 0.11 | 0.08 0.6
2610.40 | 0.27 | 0.16 | 0.09 | 26{0.42|0.30 | 0.21 | 0.12 | 25]0.64 | 0.15 | 0.04 | 0.02 | 26] 0.18 | 0.11 4 261 0.14 | 0.08 | 0.05 '

10.37|0.24 | 0.14 | 0.08 | 25]0.40 | 0.30 | 0.17 | 0.11 | 254 0.60 | 0.13 | 0.04 | 251 0.6 | 011 | 005 | 25| 0.12 | 0.06 | 005 0.4
241035 | 0.23 0.13* 241041030021 011| 241058 |0.12 | 0.04 | P 241 015 | 013 | 006 | 24| 0.11 | 0.06 '
0.0

2310.36 | 0.23 | 0.13 231043032020 0.12| 23{060|0.13[0.04 (003 23] 016 | 014 | 0.06 | 23| 0.12 | 0.06

Radix
N

221037 |0.24 |0.14|0.08 | 22{0.41 (031|021 012| 22]061|0.13|0.05|0.03| 22| 017 | 0.14 | 0.06 | 22| 012 | 0.07 | 0.05 0.2
21049 | 034021012 2{043 031|019 013| 21/070(0.19|0.07 [004| 2| 024 | 015 | 0.07 2{ 019 | 0.10 | 0.08 0.0
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Test on a 5G critical processing: PUSCH demodulation Q%

P 4

« Physical Uplink Shared Channel (requires on the fly processing)
 OFDM demodulation = FFT on large number of samples

- Beamforming = Change of coordinates (from the antennas coordinate space to
the beams coordinate space) - Matrix-Matrix Multiplication

4 RX1 sub-carriers[1:4096] FFT

4 RX2 sub-carriers[1:4096] FFT .
Further Processing
4 RX3 sub-carriers[1:4096]  FFT [1:64]x[1:4096] (e.g. MIMO detection)

>

4 RX64 sub-carriers[1:4096] FFT
X

Beamforming  [1:32]x[1:64]

Coefficients e 1
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Test on a 5G critical processing: PUSCH demodulation

PE Ex)
r 1

PE LR
257

N PE
767

PE | PE BB
768 | 769
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I 1 1
] 1 1
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] ] 1
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1 1 1
] ] 1
Banks ! Banks ! Banks !
(0-1023) > € 02420477 > ) € (20483073 > 1 € (3074-4005)
: : :
I 1 1
IN FFT-0 : IN FFT-0 : IN FFT-0 : IN FFT-0
OUT FFT-0 : OUT FFT-0 : OUT FFT-0 : OUT FFT-0
: \ \
1 1 1
] ] ]
] ] ]
] 1 1
] ] 1
1 ] 1
] 1 1
I 1 1
] ] 1
IN TWIDDLES : IN TWIDDLES : IN TWIDDLES : IN TWIDDLES
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ETH:zurich ‘&
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Radix-4 Cooley-Turkey FFT
(multi-stage synchronization
kernel):

A 4096-points FFT is assigned
to 256 cores:

* Load from local memory

 Store in local memory of PEs using
the data next
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Test on a 5G critical processing: PUSCH demodulation

Radix-4 Cooley-Turkey FFT
(multi-stage synchronization

ETH:zurich

SYNCH | SYNCH | SYNCH | SYNCH  joriap.
HE B HE B BR B BA B
X 257 X 767 [l 768 | 769 . . .
f ! ; e — A 4096-points FFT is assigned
Banks : Banks : Banks : | ” Banks R to 256 CO rES:
(0-1023) > 102420477 2 € 0483073 > 1 € (30744005 Load f | |
: : : * LOa rom loCal memory
N FFT-0 INFFT-0 wdiitl N FFT-0 « Store in local memory of PEs using
OUT FFT-0 : OUT FFT-0 : OUT FFT-0 : OUT FFT-0
IN FFT-1 E IN FFT-1 E IN FFT-1 : IN FFT-1 the data next
OUT FFT-1 ! OUT FFT-1 ! OUT FFT-1 ! OUT FFT-1 i ]
IN FFT-N ! IN FFT-N ! IN FFT-N : IN FFT-N * Sync hronization between
OUT FFT-N : OUT FFT-N : OUT FFT-N : OUT FFT-N sta ges 9 PEs execute t h e
IN TWIDDLES : IN TWIDDLES : IN TWIDDLES : IN TWIDDLES .
OUT TWIDDLES E OUT TWIDDLES E OUT TWIDDLES E OUT TWIDDLES Sdme Stage for inde pendent

FFTs, to minimize
synchronization overhead ”»
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Large Speed-UP and small overhead 1.6X

1e4  OFDM+BF Cycles OFDM+BF Speed-UP vs single-core OFDM+BF_S*ed-UP vs Central-Counter v
61 , 1.6 : | -
w0l 4 R *1 2X
el ,
1.21— - —
4- | l . 600 o
$ D. :I) 1.0
-5 O ©
(%3' | | §400 r ?8)_0'8
n @ 0.6-
2_ i
200 - 041
b 0.2-
0- 0.0 : t .
16RX 32RX 64RX 16RX 32RX 64RX 16RX 32RX 64RX
32 Beams 32 Beams 32 Beams 32 Beams 32 Beams 32 Beams 32 Beams 32 Beams 32 Beams
Input dimension Input dimension Input dimension
B Central Counter
< 50k-cycles for 1 symbol B Log2 barrior
Speed-UP > 800X vs single-core execution =1 Partial + Log2 barrier

B Partial + Log32 barrier
1.6X — 1.2X Speed-UP of fine-tuning vs Central-Counter

o~ "’{'{.‘T?}\ALMAMATERSTUD]ORUM .
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Conclusions

In the PRAM-like 1024-cores TeraPool many-core cluster the barrier selection is
an important phase of kernel optimization!

Choosing the best barrier-radix + hardware support for a fast departure from
synchronization gives:

- Asynch. overhead of 2%-10% on kernels for signal-processing
* 6.2% synch. overhead on 5G PUSCH demodulation

O github.com/pulp-platform/mempool
&
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Arrival time of PEs is a property of the kernel

{ Delay due to

reduction
AXPY DOTP DCT MATMUL Conv2D
1.00 T = - 1 G °
0.75
E 0.50
S 0.
N NxMxP =
! 128x32x128
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00 05 10 15 20 00 05 1.0 15 20 00 05 1.0 1.5 2.0 05 1.0 15 2.0 O. 5 10 15 20

/_/\ At 1e3 At 1e3 A At 1e3 At 1e3
I 4 4

No memory access DCT and MATMUL larger .
. y , . . & Work-imbalance - offset
contentions - PE’ arrival scattering depending on
. . . ) between PEs
time is the same the input dimension
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