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Fast changing pace of Al Q%

* Ever increasing model complexity

Fast algorithmic evolution!
» Beyond exascale Al supercomputers!

Computational performance of Al supercomputers DNNS/ CNNS/ LLMS Generative LLMS/ MOE
ompute-intensive ' '

Performance (16-bit FLOP/s)

M Leading Al supercomputers
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Resurgence of Vector Processors Q%

* Vector Processor Features : 4
1. Exploit Data parallelism RISC
2. Simple Programming model
3. Software Portability
4. High Flexibility

RISC-V Highly Flexible = V 1.0 in 2021
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SoA VPEs: Low efficiency for memory bound workloads Q%

Challenge:

Far from roofline peak! _-—J_

+ SoA VPEs optimized for = aryry \
compute-intensive workloads 10° , “Wos -~ é+0.8’6,’
i I )
X Achieve poor FPU utilizations far / l’
from roofline for memory intensive ,/ = B ot 1
workloads Spatz
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SoA VPEs: Low efficiency for memory bound workloads

o"%q
We propose TROOP

Set of uA optimizations for VPEs to fully utilize L1-memory BW

1. Decoupled VLSU interfaces
. Dynamic Priority allocation & Shadow buffering
. Improved vector chaining

. L1 address scrambling

Goal: Achieve at-the-roofline VPE performance for low
Operational Intensity workloads
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VPE architecture

1. Vector Register File CSRs VRF
» Latch-based (vi, vtype) § 'Bank 0 Bank 1 Bank 2 Bank 3
« 256-bit R/W accesses
Scoreboard
e 4 banks, 3R + 1W each
i i (RV32l) FPU VRF XBAR
2. Execution Units Sequencer

« FPUs + IPU (VFU) A
4 x 64-bit — 256b FMA/cycle

* Load-Store unit (VLSU)
4 x 64b ports — 256b LD/ST /cycle

ADDRGEN| FIFO

VLSU

4 x 64b = 256 b/cycle to L1

3. Controller fLfLfLf1t
e Vector Chaining vleb4.v VO, (%0) mmmm VRF Wr?te v0 - VLSU
. 1-bit credit based vfadd.w v2, v1, v0 EOEAEAEE] VRF Write v2 - VRU

\ Processor cycle time

o
Utilize multi-bank parallelism 12.11.2025 ‘ 6
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Decoupled VLSU interfaces

What if BW to L1 is mcreased by 2x? VREF
2 x 256b / cycle
—--- B e e
Vector load from L1 - VRF
LU Lt e

mmm TAX VRF Write v~ VLSU |
(B1|B3 |+ ¢|B1|PB.|B3|E.
IR VRF Write v2 - VFU VLU

vie64.v v0, (%0)
vfadd.vv v2, v1, vO

2 x 256b / cycle

BW # Compute = Structural Conflicts!
Only 50% memory bandwidth utilization

= Need to eliminate structural conflicts!
ETHzirich =
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Decoupled VLSU interfaces

Solution: Decouple the VLSU load mterfaces VREF

--- Bank 0 Bank 1 Bank2 Berk 3

Vector load from L1 > VRF

VRF XBAR

vie64.v v0, (%0)
vfadd.vv v2, v1, vO

/ v ~
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Latency induced VRF conflicts

What about dlfferent datapath Iatenc:es? VRE
--- Bank 0 Bank1 Bank 2 Bank 3
Vector load from L1 > VRF
VRF XBAR
UL LfFLfLfLf]Lt
CRAT NN B0 | B1 | B2 | B3 |F.\|BO|B1|B2|B3|F | BO

1| BO|B1|B2 (B3|} )|BO0|B1|B2[B3|F!|
vimacc.vv v2, v1, v() < 54D MAC latency >!3§IIEEEI-IEIEE
|

? x 256b / cycle

Conflicting VFU writes, block chained VFU reads,
Pipeline bubbles every 4 cycles (80% Peak Mem BW utilization)

.= Need Datapath latency agnostic solutions! e
ETH:zurich * 2 CKIVERGITA DI BOLOGNA 12.11.2025 9




Dynamic Priority allocation & Shadow buffers

Solution: Need buffer to tolerate conflicts! VRF

1. Buffer VFU response during conflicts
Avoid stalling VFU!

2. Prioritize VFU if buffer is full

UL L LfLf LFLfLt

Bank 0 Bank1 Bank 2 Bank 3

VRF XBAR

VRO N N 0 e 621 63 6o b1 62 631 0. 61| 62
BB o o o2 o oo o1 (o2 [oa oo o (R P E T UGS
SOV e — |, |50 5152 53 FPUs

Y Repeats

Buffering allows full throughput VFU operation,
even during pending write-back (more OOO capability in vector unit)

(2) Dynamic Priority allocation & Buffering
= 100% Mem BW Utilization
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Spatz,«gw—_TrRoop Performance Q%

Evaluate common micro-kernels
Memory-intensive : DOTP, AXPY, GEMV, FFT
Compute-intensive : MMUL, CONV

-> 8/16/32/64b precision, t tt%g t ttttttgg

9 Varying Problem sizes (1) SpatZBASEL[NE (2) SpatszBW
(3) Spatz,xgw-TROOP

=)

W Spatzpaseune ~— W Spatzp.gy WM Spatzaxgw - TROOP

FPU utilization (%)

/o s
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I SpatzpaseLine B Spatzygw B Spatzyew - TROOP
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Spatz,«sw_Troop Physical Implementation Q%

« SpatzgaspLine & SpPatz; . gw-TrROOP (2-CcOre configuration, 128 KiB shared-L1)

e GF12 nm, Synopsys Fusion Compiler, 1 GHz target (SS/0.72V/125C)

- VLSU

TCDM  TCDM
XBA—RF: Banks
X

VLSU

AR ST
m o h [ 558 ALMA MATER STUDIORUM
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Freq: 1.4 GHz (TT/0.8V/25C)
No Added critical paths

Area: 4.4 MGE (<7% increase w.r.t SpatZgasgLINE)
Major contribution - 2xBW on VLSU and TCDM XBAR

Energy Efficiency:
Up to 45% improvement w.r.t SpatzgasgLINE
26 - 38 DP-GFLOPS/W DOTP (4096 x 64b)

12.11.2025 ‘ 14



Comparison with SoA

Challenge:
. . ’——~
+ SOA VPEs optimized for = '/ 098
: - . Ll it
compute-intensive workloads 10° ; | o.\ N %40.86
] ] N il
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Comparison with SoA P

Challenge:
+ SOA VPEs optimized for

098 008
\.{-VV \I-\I\{

compute-intensive workloads | W 56
. ®
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We present TROOP... P

« Set of uA optimizations targeting today’s memory-intensive workloads

« We overcome structural limitations in SoA VPEs and fully leverage L1-memory
bandwidth

* On the compact SoA Spatz VPE,
Performance: 2.6x AXPY, 2.2x DOTP, 1.5x GEMV, reaching at-the-roofline Performance!
Low-cost: (<7% area inc.), 1.4 GHz (TT/0.8V/25C)
High Energy Eff.: DOTP — 38 DP-GLOPS/W (+45%), GEMV — 52 DP-GFLOPS/W (+9%)

Open source : https://github.com/pulp-platform/spatz/

ETH:zirich «»PULP
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https://github.com/pulp-platform/spatz/
https://github.com/pulp-platform/spatz/
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