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Efficiency in FP GEMM is essential

ming [3]
ts for Deep Learning
FP8 Formats
= GEMM = Non-GEMM [5]
|
MaskFormer 59% 41% Actlvla_g;ir;
Normalization
ResNet-50 85% 15%
Memory ops
ViT-Base 55% 45%
Element-wise
Arithmetic
Llama2 79% 21% GEMM 38%
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Latency breakdown by model Energy breakdown in Llama2
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DSAs minimize PPA
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 Minimal area and energy consumption
* High arithmetic utilization
* High operating frequency and scalability
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State-of-the-art

Accelerator Dataflow Max Frequency | Buffer
(node) size

RedMulE [10] Inner Product 613 MHz (22 nm) 9088 B
Sauria [11] Outer Product 555 MHz (22 nm) 65536 B
Gemmini [12] Outer Product 550 MHz (12 nm) 5120B

T

Axon [13] Outer Product 550 MHz (7 nm) NR

Existing GeMM accelerators cannot achieve
at the same time high frequency and minimal
area/energy overhead

¥ Not Reported
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Challenges

* Minimal area and energy consumption
=p Output Stationary Outer Product Dataflow
(minimizes memory access and input buffers size)

» High Utilization
=p» Double-buffer the output buffer

* High Frequency
=» Make use of pipeline registers in MAC unit
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The key I1dea

How to design an efficient FP GEMM
accelerator given these constraints ?

Reuse MAC unit pipeline registers as
double-buffers
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Contributions
O-POPE:

High-Frequency Pipelined Outer Product-based
GEMM acceleration with minimal buffering
overhead

* A compact, efficient PE leveraging the FPUs’
pipeline registers for buffering

« A scalable semi-systolic” architecture with
minimal buffering overhead, achieving 99.97%
utilization

* A comprehensive PPA evaluation

¥ Semi-systolic: a systolic-like architecture with some non-local connections among processing elements [14]
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A compact and efficient PE
C+=A*B
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INPUT A a00 a0 a10 al0 a01 al01 all all
INPUT B pLo—r T OOl

INPUTC c00 c01 c10 e c00 c01 ¢10 ¢11
eIV 0\ 00 cO01 c10 ec11

High-frequency + minimal output buffer overhead
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PE coupling-decoupling
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Accumulators Accumulators
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DECOUPLING PHASE COUPLING PHASE

« Accumulator free to be ¢ Accumulator provides the
read/written externally ~ new initial value

e EPU locked in * FPU writes the computed

accumulation value
Minimizes FPU utilization loss
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O-POPE archltecture

O« Controller

Minimize MEM bandwidth requirement
Scalability through systolic write-in/read-out of C

Minimize input buffers overhead
711012026 ISVLSI 2026 Sty baiibui Kolkata, India 10



dcammarata@iis.ee.ethz.ch 8 Jul 2026

Danilo Cammarata

Experiment setup

INTERCONNECT

RI5SCY  RI5CY  RI5CY  RISCY
CORE7 CORE6 CORE5 CORE4
RISCY RI5CY  RI5CY  RI5CY
CORE3 CORE2 CORE1 COREO

I

AXI CROSSBAR
PERIPHERAL
CLUSTER

O POPE

ICACHE

« Evaluation across multiple FPUs and O-POPE mesh sizes

e Cycle-accurate RTL simulation with QuestaSim 2022.3
 Synthesis with Synopsys Design Compiler 2021.06

* Physical Design with Cadence Innovus 21.17

* Power evaluation with Synopsys PrimeTime 2022.03
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Area & Frequency Scalability

Area and GFLOPS @ max frequency: 1 GHz

Area
FP16
FP8FP16
FP8FP16-FP16
FP32
FP16FP32
FP16FP32-FP32

GFLOPS
FP16
FP8FP16
FP8FP16-FP16

Same SIoFe - FP32

- 104

Pty

SdO14d9

FP16FP32
FP16FP32-FP32

W’POPE  O-POPE  O-POPE  O-POPE
4x4 8x8 16x16 32x32

Technology:: GlobalFoundries’ 12LP+ FInNFET
Corner : TT, 0.8V, 25°C
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Area Breakdown

O-POPE Area Breakdown in kpum?

7/10/2026
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In Outer Product engines,
input buffers scale linearly while
compute scales quadratically
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Cycle Runtime Analysis

I O-POPE 4x4 W O-POPE 8x8 B O-POPE 16x16 Bl O-POPE 32x32

1001

901
3 80
c 701
o
5 601
= 50/
5
3 40
o 30
201
10
< Py o S ) > © 5 Py 5
N, ¥ N L = o AN
o* o+ ~F o o+ A> % At o
o X N o o o s 5 &
£ - > @ & d o+ > a
& S & & 4 N o

Proportionally lower utilization for
— Larger engines
— Workloads with smaller inner dimensions
— Workloads with output tiles not multiple of O-POPE output buffer

but up to 99.97% utilization for “regular” GEMM workloads
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State-of-the-art comparison

Comparison with SoA 16 x 16 GEMM accelerators
supporting FP16 - FP16 MAC unitsin 12 nm

B O-POPE
I RedmulE
N Gemmini
B Sauria

Runtime (ms)

3
2
1
0

UUUU

GFLOPS | GFLOPS/mm?| TFLOPS/W

RedMuIE [10] 2134 2.74
Sauria [11] 333 1036 2.95
Gemmini [12] 280 749 NM’

This work 512 2336 3.18

¥ Not Measured
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Conclusion
By leveraging
— FPUs pipeline registers as double-buffers
— a scalable semi-systolic architecture

O-POPE achieves
— 1 GHz operation frequency
up to 99.97% arithmetic utilization
\/minimal buffer area (<4% from 16x16)

v/2048 GFLOPS (32x32) and 512 GFLOPS
(16x16)

v 2336 GFLOPS/mm?
v 3.18 TELOPS/W

v/ Open So | github.com/pulp-platform/opope

Danilo Cammarata dcammarata@iis.ee.ethz.ch
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The Proof

(a) Output Stationary dataflow (b) Input Stationary dataflow (c) Weight Stationary dataflow
1. for i:m:M 1. for i:m:M 1. F6r LK
2. for j:n:N 2 for 1:k:K s for j:n:N
b load Cimxn)xn 3. load A(mxk)xa 3. load B(ixn)xs
4. for 1:k:K 4. for j:n:N 4. for i:m:M
B load A(mxk)xa 5. load B(kxn)x3 5ii load A(mxk)xa
6. load Bikxn)xs 6. load Cimxn)x~ 6. load Clmxn)x~
e (:"lrlxvl+ — flm;(k X ka n 7. ('T'l xn+ = ~4m.xk X Bk)i n 7. C"m xnT = -4Ifl)‘l/\' X ka n
8. end 8. store Cimnxn)x~ 8. store Cumsn)xs
9. store Clmxn)xa 9. end 9. end
10 % end 10. end 10. end
11. end 11. end 11. end

9 R -
OS: M x N x K x (%+“xm F 3X”>
K YXmXn
A'3 « 2 Yy
19 MRNR B o B2 BTy Xm
N axmxk
: 1 axXk+2xyXn
WS: MxNxK = )
it \X<-’V+ Bxnxk )

» Matrices are large enough in ML

« Same number of bytes kept stationary

* Input datawidth is smaller than or equal to output
datawidth
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