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Embedded Machine Learning

Machine Classification and Learning:
What we currently think

- o

Machine Classification and Learning;:
What we want

Presentation begins
to build this
transformation

10 TMAC(/s)




Physical Computing = Increased
Computational Efficiency
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Why Analog (Physical Based) Processing?

Digital Hitting Limits of Power Efficiency

Power Efficiency wall
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Results created its own DARPA program

Battery Energy Density: x10 over 40 years
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Why Analog (Physical Based) Processing?

Mead Hypothesis (1990): Analog x1000 efficiency improvement
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* Analog (VMM): ~100 {J / MAC (1I0MMAC/uW) @ yield

* Other Analog SP similar: Freq Decomp / Analog FT
VMM, GMM

Classifiers
Adaptive Filters
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Single-Transistor Learning Synapse

Floating-Gate Circuits: Nonvolilative storage, computation, programmable, adaptable
Vaa

Vtun
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Non-volatile Storage
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- 130nm STDP synapse data
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Si CMOS approach can achieve densities while
avoiding 1ssues with device integration with Si

time(ms)

—%”% [Hasler, et. al, NIPS 1994, BMES 1994, and later papers]



FPAA vs. Embedded / Cloud Computation
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Where to use ultra-low energy?

Sensor node < 100uW

x1000 energy
improvement
utilizes
context-aware
physical
computing
to enable
100uW
end-to-end
sensor node.
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S
IESZ;}J—) Stage 1 —>| Stage 2 —>»| Stage 3 ——>| Stage 4
Continuous Classification Second Wakeup Full Processing
Operation (analog + (e.g. processor (e.g. Transceiver)
(analog) digital) wakeup)
Average 100% 1-3% 0.1-0.2% 0.01%
on time
Operating |, 10w ~100uW 1-5mW 30-100mW
power
Total(max) 10uW 3uW 10uW 10uW
Power
- ~10-20MMAC/s  Transciever
Digital <IMMAC/s or 20MHz clock on
Analo g 10-100MMAC/s 1GMAC/s 50GMAC/s
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More computation

Increasing Energy

near Sensor

Decreasing Use
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Physical / Analog / Mixed-Signal Computing Exists

Analog + Digital
FPAA

Applications in
sensors, acoustics,
imaging

On-chip Machine

learning shown
(VMM+WTA)

Capability over

) Itiple IC
Command Word < 23uW power Knee-Joint Rehab < 15uW Mmuttiple
Processes

Measured Results fory a phrase from the TIMITdatabase to recognize the word “Dark”

RELS She had  your ark suit
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- Threshold M’ selected at this output Output 3
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g% Analog SP Energy < 1000x Custom Digital SP



RASP 3.0: First SoC FPAA IC

FPAA Fabric Array
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Scilab FPAA Synthesis & Modeling Tool

classvm [Running] - Oracle VM VirtualBox - o IED

Machine View Devices Help
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* Encapsulated in Ubuntu 12.04 VM * Measurement transistor channel model
* Library of Components (low to high level) of HH neuron
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Tool: Measurement and Simulation (LPF)
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One toolset to design, to enable high level simulation,

and to compile to hardware
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Send
Email to
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PAA System

USB

ARB GEN

otaE
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FPAA Infrastructure

* FG Programming looks like controlled
download to uP device =2
Straightforward to program a device
(code in Scilab, Python, Java, ....)

* USB powered and controlled =
interfaces like a digital system

Andriod Tablet FPAAs

Send
Measurements
to target
email address




SoC FPAA Classifiers: VMM + WTA for Speech
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Compiled VMM+WTA Classifier

Two-Layer Neural Network (NN) Classifier

Minsksy 1967: XOR classification

n m % m 1 § 1 requires more than one layer
N W = s W, e B ey
(VMM) Z |72 (VMM) Z NN was silenced for 15 years
Could solve in two layers
VMM+WTA Classifier
n m | S |.m §
oz @
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o 115 [
8 o
3x3 VMM =
- ~ > 7
1 CE
o
1 =
0 0.2 0.4 0.6 0.8 1 =
L2 — X, =4
L | Multiple classifiers demonstrated (audio), Training

, Analog, n-WTA single layer block can be a universal
WTA % approximator (2 layer NN)
‘%"’4 [Maass, et. al, 2000, Ramakrishnan, et. al, 2013]




Compiled VMM+WTA Classitier

3 x 3 VMM
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Measured XOR Classitier: Difterent CABs
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" Three different set of devices: Same Result
[ -



Physical FPAA Classifier Floorplan

“A” Bus Routing to C Block
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Developing FPAA Adaptation

FPAA * Analog, Digital, and uP
Fabric
SRAM * FG Programming
Input uses uP device (Batch)
<l > Analog ASP .
& Classifier Target(s) * Analog classifier, ultra-
16bit <> (VMM +WTA) low energy datapath
Processor
_ . Inléut FPAA IC
* Microphone input to . P
classification Learning Scan
o Classifier + ADC | | Prog
* statistics: analog or o x0b [0 [TGPI0 e Targets
digital - T
; * f o - ® Outputs
° Lo
infrastructure Outputs  Targets = é .z
and ADCs Input—#> 8 < >
’é —» Nulls

@. '7"i3




Acoustic Classification Training Data

House
-10}m -SIm Cer%lter 51%11 10Im Rural
@) O @) O  (on ground)
Truck/Gen Car
location Tereri e Dataset measured
. 8.38m by Lincoln Laboratories
Microphones ——

* Two minutes - 1.6Hz |
SENSor ' - 8Hz
recording .
(simultaneous)

40Hz

0.5Pas
~20mV

200Hz

Filterbank Response

1kHz

| | | - | SkHZ
0 5 10 15 20 25

—% Time (s) Generator




Acoustic Classification 2 FPAA

Vector-Matrix

m ) m st m Multiplication
‘ — c PR [ ATP I oo TOMer o v+ T Ougpu
etec LPF Winner Take All

(WTA)

8Hz to 4kHz < 5Hz corner < 5Hz corner

Constant Q =2
Exponential Spacing

FPAA Datapath
Architecture

= - Center lo‘é”dul | |
» Amplitude vs. £ '™ ¢ = 2 :
frequency <
for different ié ImV
distances g
3
* Somewhat g ImV
robust g
frequency £ 1mv
features g“
& complex  , imv
ba(.:kground ;é
noise < }

@w Frequence Taps (kHz)



Developing FPAA Adaptation

Input
signal

12 BPF,
Amplitude
Detect, &
LPF blocks
Front-

end

PITTYYYYYYY

v

8 WTA rows (12 inputs, 1 CAB each)

CK

Scanner

YrYYYYYYY

[ T T T T T T T T T T
[ T T T T T T T T T T
N N Y I O
[ T T T T T T T T T T
[ T T T T T T T T T T 1
[ T T T T T T T T T T
[ T T T T T T T T T T

<4— Out

Y YvYvvy

Compiled
ADC

Memory Mapped Register

/

’>

16-bit
Processor

FG
increment
Inject

»

N\

/

Error

SRAM
Data
Memory

Output

logging
(optional)

Compute

Weights,
W update

4—?‘4

* Combined Analog, Digital, and uP Architectural Design

* FG Programming uses uP device (Batch)

* Analog classifier, ultra-low energy classifier datapath

8 X 3B

8 X 1>



More Analog Classifier (VMM+WTA)

ittt ¥ 2l ettt Input Signal
| Va o Vy |
! C#4 Bandpass Filter C1rcu1t . 200A oo ! | Tl
| e L Vi P [ : I N
| : C 2 : : blaS@{ * T VOUt: Frequency Decomposition
| | | ! ;o & K
| 1 G , : _ | pe | ‘ !
N | = .mPAﬂHH ; fm\uuuuuH
| [ | T | P
: . —— Veerl T Cp ! * = GND GND [ S ! W Scanner Block out
~w —— '30nA H Z ' First-Order LPF : / ) ‘ ‘ ‘ ‘ ‘ ‘ # ‘ ‘ ‘ ‘ ‘
: + : | >% 1 | // // / _
! GND G _ GND ol ! //// // —
/
! ml Amplitude Detector / Filter v i —>
.. ',//// // .
| \ /
Aligned with C Block Size ! ! Vector-Matrix Multiplication >
< < . / (VMM)
””””””””””””””””””””””””””””” ! /! Local Routing Fabric >
cue»’ o ; (12x 8) —>
1 !
Dat Shift Register Block Out é j —
[y / —>
o ' =
'Volitile ' X, X, o o o Xn  Volitile | & /
' Switch - | | | ‘Switch | &/
. Line + Line Co ] . .
Y LN e o o v I l ,’l frvélﬁf;gfﬁ?ﬁg
o Only Increment values
Local Routing o (Fast Injection)
_____________________________________________ '

* Front-End Circuit blocks, “scanning” blocks to enable training

* VMM implemented in local-fabric routing
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More Analog Cla551ﬁer (VMM+WTA)

Input Signal

External | 7 —_—
‘ y+> GPIO 7 Vin—j n . :
touP - g : v _ |
. . . dd ———C 1
Frequency Decomposition p Y . N ‘ Counter |
7 : H } GND DC Control
TYVYYYYYVYYYOYY | NP | Nolage
Scanner Block out ADC |—» Interupt ' F—{ l~ GND |
to uP . Counter |
YYYYVYYVYYVOYVY | ‘ Reset
—> e N ' ——C .
—&> § - AN . : ‘
> 5 - AN N : GND Vmin
Vector—Mazr\i])lcvI l\lf\I/BItiplication > g o 8 GPIO D i I e I
a / L
Local Routing Fabric ™ :'_> ] to uP
(12 X 8) | = L > ‘ Clustered '
> = Input Signal Range —% (Summation) Range —— Weight Range
; ] ADC Input Sym  Weight Meas  Meas  Code
—> = Iput Vi, 0 Tnput Code (Code (imitial) Ly, Vo, Vou
T T 1 ——25V—-255 163 —2%.1 17 40nA—— 1.4V —— 6560
625
Weight Update: — —> (codes ,
FG programming 10 MSE bits 9+ bitS)
Only Increment values
(Fast Injection) 0——24V—192 0 0 0 10nA 1.3V 5936
. . (26 bit sum in
ADC s 8bit 2 16bit registers) W, for all components

* Error metrics and FG update programming handled through uP

* Requires careful scaling of fixed-point arithmatic
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Analog Learning Classifier (VMM+WTA)

: . : Vector-Matrix Computing in Memory (FPAA routing)
g m Multiplication
lnput C4 BPF A'Bp"["(k Foc 1M0rder Lo 5 T+ D 3 Oupur
etect LPF Winner Take All
’ (WTA)
100Hz to 4kHz 25Hz corner

Detect one acoustic signal
(1s signal bursts)

25 T T T T T T T T T
g X X10 X11 12 offsset —r— —_— — —— 1 —

Digital Classifier (Reduced Digital Simulation of analog)

1 | 1 | | 1 |
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05r g
. 0 Il Il 1 Il 1 | Il Il 1
Analog Classifier 35 T T T . T | T T |
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[ ) [ ]
Analog Learning Classifier (VMM+WTA)
; . . Vector-Matrix |
" m itude | ™ S X m Multiplication |
R e e L S I T

Input
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100Hz to 4kHz 25Hz corner
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Neuromorphic + Analog Computation

Dendrite Computation

Dendrite 1

| Vout1
Dendrite2 ‘ . W
(5 CB O é T
Dendrite 3- Threshold (5 s Al
A1+A2 l \
2 - I0OMMAC / wW ~ 10MMAC / uw ~ 4.5GMA(5 / uW ~4.5GMAC /u
Refined
Sensor Sensor Sensor Signal to First Layer Second Layer Symbols
Tnputs > Signal —>»  Signal Symbol Cortical Cortical 000
Conditioning Processing Conversion Classification Classification
Speech | Microphone Cepstrum Basic Auditory Phoneme Low SNR
Recognition | Interface / filtering p Features (VQ,GMM) | Classification Wordspotting
Image | Image aquistition, | Retina Edge / Corner Movement Sequence Gesture
Processing | color calculations | (edge enhancement) | Detection Classification Recognition, etc.
Baseband | Demodulation of | Frequency Fundamental Comm Frequency Complex Signal
Communications | desired band Decomposition Symbol Detection Hopping Recognition Detection

[~




