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Efforts in reducing energy of ML models

Digital design optimization New contenders-analog designs
* Model compression * In-Memory computation
« Quantization * Analog computation

« Approximate computations

Analog

Digital Mixed-signal

Model compression

Optimal
performance

High precision Low power



Challenges of analog computation
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Error propagation
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MiISOML: building block
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Common ML operations
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ML operations in analog domain

Multiplying
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Other ML operations in
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Summary: Energy lookup table

Operations Analog Energy (1))

Precision 1-bit | 2-bit | 3-bit | 4-bit | 5-bit | 6-bit | 7-bit 8-bit
ADC 100 200 300 400 501 624 747 885 [9]
Addition 2.5 4.0 6.5 10.0 14.5 20.0 26.5 34.0 [12]
DMAC 0.2 0.7 1.5 2.7 4.2 6.1 8.3 10.8 [9]
Max-pool 1 4 16 64 2.6e2 | 1.0e3 | 4.1e3 1.6e4 [18]
sigmoid 1 4 16 64 2.7¢2 | 1.0e3 | 4.1e3 | 1.6e4 [19]
Operations Digital Energy (fJ)

Precision 1-bit | 2-bit | 3-bit | 4-bit | S5-bit | 6-bit | 7-bit 8-bit
DAC 0.5 1.0 2.0 4.0 8.0 16.0 32.0 64.0 [16]
Addition 9.5 12.5 15.4 18.3 21.2 24.1 27.0 30.0 [14]
DMAC 9.7 18.7 33.8 55.0 82.1 1154 | 154.6 200 [14]
Max-pool 3.7e2 | 74e2 | 1.1e3 | 1.5e3 | 1.9e3 | 2.2e3 | 2.6e3 | 2.9e3 [14]
sigmoid 23e3 | 3.1e3 | 39e3 | 4.7e3 | 5.5¢3 | 6.2¢3 | 7.0e3 | 7.8e3 [15]

Signal conversion are costly
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3-bit quantization
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Modeling analog noise propagation

» Operations: Noise accumulation across multiple layers
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ResNetl18 performance with noise
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ResNetl18 is more resilient to analog noise than to quantization loss
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Integer linear programming (ILP) optimization
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Integer linear programming optimization

Objective

Energy

Constraint
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Energy improvement vs. accuracy trade-off
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ADC energy vs. noise threshold constraints
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MiSOML: Energy reduction-ResNet18

* Mixed signal hardware is more energy efficient than digital solutions
* Noise threshold of 4-bit provides best energy for nominal accuracy loss

Precision Accuracy Energy

(D) = Dagital, (A) = Analog Inference | Fine tuning (Improvement)
FP32 (D) 69.57% - -

8B Activation, 8B Weight (D) 69.49% 69.49% 25.62pJ (1.00x)
6B Activation, 6B Weight (D) 68.43% 69.21% 18.74pd (1.37x%)
4B Activation, 4B Weight (D) 66.82% 68.66% 12.32uJ (2.08 %)
2B Activation, 2B Weight (D) 62.14% 65.38% 6.18ud (4.14x)

[[ MiSO-ML (4/6B Activation, 4/6B Weight (mix)) 67.14% 69.16 % 3.14pJ (8.16x) N

8x energy efficiency



Mapping ResNetl8 architecture to hardware
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MiSOML: Energy reduction-ML architectures

Dataset ML Architecture Accuracy Energy/inference
MNIST SVM (Accuracy = 94.23%) MiSO-ML 92.31% 0.16pJ (3.16)() A
ImageNet ResNet18 (Accuracy = 69.57%) Bl‘tBlade [6] 68.66% 15.8uJ(1.64>)
MiSO-ML 69.16% | 3.14pJ|(8.16x%)
VGG16 (Accuracy = 92.32%) MiSO-ML 90.51% 8.48uJ |(7.69x)
Imagenette | GoogLeNet (Accuracy = 93.23%) | MiSO-ML 91.46% 2.56pJ |(6.25%)
ResNet101 (Accuracy = 96.55%) MiSO-ML 93.76% 5.08uJ|(9.12x)
ResNet20 (Accuracy = 91.12%) A}.{-ResNet [7] | 80.90% 0.60pJ |(5.76 %)
CIFAR-10 MiSO-ML 87.25% | 0.66pJ|(5.52x)
ResNet110 (Accuracy = 93.55%) MiSO-ML 92.55% 2.89uJ|(5.56 )

5x — 8x energy efficiency



Summary

* Mixed signal optimization for ML inference
— Modeled energy and noise for analog operations
— ILP-based optimization
— Analog circuits provide 5x-8x energy efficiency

Analog

Digital Mixed-signal

Model compression

Optimal
performance

High precision Low power






