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Introduction

« Attention
* Important for transformer based LLM

» Quadratic complexity ( softmax(QK")), bad for long sequence

« SoftMax in Attention softmax function
* Non-linearity and precision requirements
« EXP, DIV unfriendly for computing

* Reduce max, sum bad for parallel computing
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Motivation: Transformer/LLM Runtime Benchmark

« SofterMax [1]

« SoftMax runtime benchmark in Attention

« LLM on Multi Snitch Cluster [2]

« Attention runtime benchmark of LLM on Multi Snitch Cluster

« Attention runtime benchmark
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[1] Stevens, Jacob R., et al. "Softermax: Hardware/software co-design of
an efficient softmax for transformers."”
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[2] Potocnik, Viviane, et al. "Optir%?%?rllsg Foundation Model Inference on a

Many-tiny-core Open-source RISC-V Platform.” o
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Contribution

« Optimized the Softmax function
with existing instruction of Snitch and analyzed exp as a bottleneck

« Designed a new exp instruction
Integrated exp instruction into the Snitch cluster

« Physical implementation
analyzed the hardware cost for the new instruction

« Benchmarked the New Softmax function
with the new exp instruction
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Background

Softmax Background: LLM, Attention, Softmax
LLM

« MultiHead Attention
« Other: FFN, Non-Linear, Embedding

Attention
- GEMM: QKT, ov

« Softmax: Quadratic with seq len

1. Avoid overflow
Softmax 2. Compatlblez\Nlth flashattention

Softmfx( z)i = Z;\rzl 25
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Background

Hardware Background: Snitch Cluster

« Snitch Cluster 8 cores+1DMA L1 S
+ 128KB SPM § " Cluster

« FPU 64b with Group FMA, DIV,
NONCAMP, CAST, DOTP

- Frep, SSR reduce explicit load and

store and branching overhead

to shared MUL/DIV

« SSR: loop data prefetch

« Frep: loop repetition control

Potocnik, Viviane, et al. "Optimizing Foundation Model
Inference on a Many-tiny-core Open-source RISC-V Platform.”
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Background

Softmax on Snitch: Baseline & Benchmark

Softmax on Snitch

ez,;—max(z)

Softmax(z); =
( )?’ ZN e?j —max(z)
7=1
« Max Calculation
« Exponential Calculation

« Normalization (Division)

Max C ArrayMax
Exp C LUT + Polynomial
Div C ArrayDiv
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Latency Breakdown of Seq 32
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Background Qs%

Shauldolph Exp Approximation Hardware Implementation

Algorithm 1 Shauldolph Exponential Approximation

Input: x

Output: approx_exp

Constants: a, b {These constants are chosen for the approximation}
Procedure:

approx_exp « 2 ¢Z*P

return approx_exp

« Shauldolph Exp Algorithm

« Shauldolph Hardware

- Implementation on BF16 (by Andrea
Delano)

Exponential Approximation Relative Accuracy

« Shauldolph Algorithm for initial calculation -
- Mantissa Correction with Second-Order  oss-
Linear Approximation , 0981

- Exp Accuracy: Rl - S
- Avg 99.86% £ 0961
« Min 99.25% ==
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Score / ‘
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Contribution

« Optimized the Softmax function
with existing instruction of Snitch and analyzed exp as a bottleneck

« Designed a new exp instruction
Integrated exp instruction into the Snitch cluster

« Physical implementation
analyzed the hardware cost for the new instruction

« Benchmarked the New Softmax function
with the new exp instruction
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Snitch Softmax Optim 1.0

Softmax with SSR, FREP, SIMD

« Snitch SSR, FREP, SIMD Baseline Optim

- Exp: Softmax FP16 Seq 32 C ArrayMax
- Bottleneck: EXP calculation C LUT + Poly C LUT + Poly
Softmax FP16 Optim vs Baseline Comparison . C ArrayDiV SSR, Vfle, FREP
max: 0.074k exp: |10.1k div: 0.064k
Optimized l g Z:(apx
ssr config ftl read double;
ax:|0.74k exp: |10.1k div: 0.612k asm volatile (
Baseline| ¥ ! - “frep.o %$[n frepl, 1, 0, 0O
L : ; : : % & ‘vfmax.h ft3,ft3, ft0")
Latency (k cycles)
g °l ssr config ftl read double, ft2 write
3 j asm volatile (
” 1 “frep.o %$[n frepl, 1, 0, 0O
0 —— - = “vEfdiv.h ft2,%[sum], £t0")
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EXP block into Snitch

EXP BF16 in FPU

Pipeline Stages Input FSM

 Configurable input/output pipelines

« Default 1 Input Register, 1 Output Register
EXP Schraudolph

Core Components
« Expo_Schraudolph: initial approximation

« Expu_Correction: Refines the Schraudolph EXP Correction
approximation

Verification
« Python Golden Model Output FSM

ETH:zurich



EXP block into Snitch

. FPU
« Group EXP into FPU
« Only BF16 is activated, with 4 Exp lanes in BF16 Slice

« FP_SS decoder: add vfexp, fexp decoder
« Snitch decoder: add vfexp, fexp decoder
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Snitch Softmax Optim 2.0

Fexp, Vfexp integrated in Snitch and CVFPU

 Exp
 Substract max
 Exp
* Sum

« EXP Sum Separate Loop

« Exp value write back & used for sum
« Extra memory access

e [ o

| Exp | CLUT+Poly | SSR,Viexp, FREP
| Div | CAmayDiv SSR, Vidiv, FREP

ETH:zurich

ssr config ftl read double;
asm volatile (

o

“frep.o %[n frep], 1, 0, 0”
“vfmax.h ft3,ft3, £t0”)

¢

// Step 2: exponentials and sum
ssr config double ftl read, ft2 write;

asm volatile (

“frep.o %[n frep], 2, 0, 07
“visub.ah ft3, £tl, %[max]”
“vfexp.ah f£t2, ft3")

// sum

ssr config double ftl read, ft2 write;

asm volatile (

o

“frep.o %[n frep], 1, 0, 0”7

“vfadd.ah %[sum],%[sum] £tl,

ssr config ftl read double
asm volatile (

©)

“frep.o %[n frep], 1, 0, 07
“wvfdiv.h ft4,%[sum], £t0”)

)



Snitch Softmax Optim 2.0+ Q‘%

Loop Unroll, Exp_Sum, Div->Mul

Baseline Optim
« Loop Unroll:

- existing extra float registers and frep entries

Max | C ArrayMax

. Exp Sum: to save memory access Exp | C LUT + Poly | -00P UN1Ol, S5F VI,
- Div: Multi-cycle path, replaced by mul | piv | caraypiv |-9°P Unrc;IIF,{gFS;R, Vimul,
* Loop Unroll * Exp Sum Combine with * Divreplaced by mul

redundant instruction

o

“frep.o %[n frep],16”
“vimax.h ft3,ft3, £t0”

o

“frep.o %[n frep],
“visub.ah ft3, £ftl,
“vfexp.ah ft3, ft3”

o

“frep.o %[n frep], 1”7
“vfmax.h ft4,ft4, ft0” “vfmul.h ft4,%[1/sum], ft0
“vifmax.h ftb5,ftd5, ft0” “vfsgnj.ah f£t2, ft3”

“vfadd.ah ft4, ft3”

ETHzurich @ teantsisisu 31/08/2024 Hardware Software Co-Optimization of Softmax on Snitch
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Snitch Softmax Summary

+®)

P

Baseline Softmax Optim1 Softmax Optim2 Softmax Optim2+

for (int i = 0; 1 < N; it+) {

for UM o “vfmax.h ft5,ft5,ft0”
max val = x[i]

}

for (int i = 0; i < N; i++) { for (int i = 0; 1 < N; i++4) |

y[i] = exp(x[i]- max val) y[i] = exp(x[i]- max_val) vfexp. ah

sum += y[i];} sum += y[i];}

for (int i = 0; i < N; i++) {
y[i]/=sum;

}

360 Cycle/N
329 Cycle/N

“wvfmul.h ft4,%[1/sum], £t0”

4 Cycle/N “vfmul.h f£t4,%[1/sum], ££0”

ooooo

2.125 Cycle/Ns:
ETHzirich @ wweasisss ﬂ -

31/08/2024 Hardware Software Co-Optimization of Softmax on Snitch




Physical Implementation Setup

* Fusion Compiler 2022.03
e GF12nm

Exp G

* Full synthesis and backend —

« Snitch_cc with Exp Group, with Div Group
* Fre: 1GHz

. Worst-case corner at 0.72V and 125°C or |

-40°C

ETHzirich = ooy ATER SRR

Cluster

Snitch E '
cc_x




Backend Result

« Timing for snitch_cc with exp < Timing for snitch_cc baseline

« SS: 0.72V, 125°C - SS: 0.72V, 125°C

« Critical path: fma « Critical path: fma

« Frequency: 957/MHz « Frequency: 95/MHz
« TT. « TT:

« Ciritical path: sdotp « Ciritical path: sdotp

« Frequency: 1.31GHz « Frequency: 1.31GHz
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Backend Result

* Area
« Exp block: 8kGE
 Snitch_cc increase by 1.9%

5%

FMA ® DIv ® NONCAMP
CAST_MULTI @ DOTP @ EXP

FPU Group Area Breakdown
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Snitch_CC with EXP

FP_SS Snitch SSR Rest
ﬂ 420
340 21 32 32
81 5 8 8
FPU FP_Seq Redfile LSU Rest
ﬂ%
297 13 23 24 [kGE]
87 4 7 051 %
Snitch_CC Baseline
FP_SS Snitch SSR  Rest
ﬁ* | 412
332 21 32 32
80 5 7 8
FPU FP_Seq Redfile:LSU Rest
“,, 332
kGE
289 13 2824 [ ]
87 4 7 051 %

/4
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Softmax Kernel Benchmark

« EXp setup
- 8 cores: each core 1 row

- Softmax relevant Error < 0.01 Sequence Length

« Icache preheat Atten.tlon A
Matrix
— Core 0
FP32 C Baseline % » Core 1
FP16 C Baseline % -
- 3 —> (Core ...
FP16 Optim FREP, SSR, SIMD 3
BF16 Optim FREP, SSR, SIMD —— Core7
BF16 EXP FREP, SSR, SIMD, Vfexp
BF16 EXP Optim FREP, SSR, SIMD, Vexp,
optim
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Softmax Kernel Benchmark Result

Softmax Kernel Comparison
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Softmax Kernel Benchmark Result

« Softmax bf16 optim 100+x vs FP32 for Seq 512

Softmax Latency Comparison for Six Kernels for Seq 512

= max
BF16 ExlOptim = exp
E div
Softmax BF16 EXP Optim vs BF16 EXP Comparison for Seq 512
BEL 6 EXP
max: 190 exp: 899 div: 192
| | |
3 max
exp: 244k div: 0.7k =
BF16 Optim Optimized

max{ 0.3k exp: 243k div: 0.7k

a.
max: 11k exp: 243k div: 11k
Baseline
mpx: 7k exp: 243k div: 8k
o 500 1000 1500 2000 250¢

0 50 100 150 200 250 300
Latency (k cycles)




Flashattention New Benchmark (Socdamil) Q&

Comparison of GEMM Optim and Softmax Optim across Models

s Softmax (GEMM Optim)
pm GEMM (GEMM Optim)
pm Other (GEMM Optim)
[
|

350 A

Config: Vit-Huge, Vit-base,
GPT-3-xl, GPT-j

Modelsim, LLVM O3
flashattention2 fp32 kernel

Softmax (Optim)
GEMM (Optim)
Other (Optim)

<]
=)

N
(%
o

Latency (k cycles)

Simulation on one snitch cluster =

vit-huge vit-base gpt-3-xI gpt-j
Models

e -
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Thank you!
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