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raditional’ Sensors
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‘Intelligent’ Sensors of ‘Near’ Future
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Challenges of Scaling “Quality” under a Power Budget
o Traditional sensors continuously digitize everything sensed into bits and then
extract features using a fixed algorithm.
e Sensors deployed in an autonomous system operate in an evolving environment.

o Afixed set of features derived from samples of the entire analog input leads to
sub-optimal performance and enormous, arguably unnecessary, power.

 The “static” design and operation of sensors leads to sub-optimal performance.

Can we break the paradigm of “static” operation of a sensor?
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Vision of CogniSense

The CogniSense vision Is to break the paradigm of static sensor
operation to dynamically adapt what is being sensed and how sensed
signals are processed to real-time changes in the environment.

 We are inspired by biological systems where closed-loop feedback from the
senses allows the brain to adapt the level of engagement and the depth of
cognitive processing based on task demands.

* We rely on this biological concept of attention to create ‘cognitive’ wideband
active sensing arrays that learn to focus on what is most important in a scene.
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CogniSense Sensor Overview
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Congense Sensor Concepts
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Congense Sensor Concepts
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Congense Sensor Concepts
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Congense Sensor Concepts
HOST PROCESSOR
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Cognitive multi-spectral sensors directly generate trustworthy insights from wideband
multi-modal analog signals using closed-loop feedback control of the sensor hardware

and feature extraction algorithms that enable energy-efficient sensing-to-action.
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COGNISENSE APPLICATIONS
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CogniSense: A New Direction In Sensor Research
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CogniSense sensors are not “static” points
In the quality-resource space; rather they
can dynamically traverse a curve in the
guality versus resource curve using
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adaptive sensing and feature extraction.
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Research Vectors

Closed-loop Attention

Maximal feature quality at
minimal sensing power
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_ Lead: J. Buckwalter (UCSB)
Thrust 1. Multi-spectral Array Co-lead: J. Notaros (MIT)

Advancing the capability of mm-wave MIMO radar, passive imaging, and lidar to achieve sensor convergence with
adaptation for energy-efficient feature detection.

* Produce a rich set of sensing data by
simultaneously combining

iy

Y YY « MM-wave radar

vy e Lidar
?_ ) '@ » Passive sensing

o -  Leverage low-power MIMO signal
Correlator —— I processing for sensing
I e . .

! ”"”’““ i | | « Adopt digital waveform techniques
antennal - R | [ « Adapt front-end circuitry power
_ ot | Adaptation consumption through machine learning
Coupler/|. . Engine .
Photodetector en g Ine
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. Lead: J. Romberg (GT)
Thrust 2: Analog-to-Insight Co-lead: H. Kim (U Michigan)

Mission: Mixed-signal and digital feature extraction at the sensor to mitigate the data deluge

Pipeline combining computation and dimensionality reduction to dramatically reduce the data flow off the sensoi
Adaptable feature extraction, integrated with Thrust 3

Multi-layer: analog feature extraction (AFE) followed by digital feature processing (DFP)

Multi-modal: features are fused at the digital output

Fundamentals: what are the theoretical Iimits of a given feature extraction architecture?

Digital Feature Processing (DFP)
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LE — 1 i current I
MER: fs| AFE | o x Feature Conversion - 9_. Ny N a8l =
:—-.g 5 o /4/ (Mode?) | 5 & ? Multi-layer Recurrent L I - 5 e gl §
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e T I
- Programmable weights
w5 3 i Programmable Neural Network Parameters and Modality Selection in
= 3 £ in AFE components & g y
e 5 5 modality selection Spatiotemporal Feature Conversion and Fusion Transformer L
o P t Trust

|

On-Line Optimization and Reinforcement Learning Engines [Low-Latency Digital Accelerators] |« Assessment
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Thrust 3: Closed-loop Attention

Lead: M. Seok (CU)
Co-lead: A. Molnar (Cornell)

Add adaptivity to the sensor front end and feature extraction to extract more informative insight yet
consume less energy, robustly across the input and environmental condition changes, some of which are not
even known during the design and training time.

Integrated smooth
power-trust knobs

------------------------------------

Task 3.4: Hardware Acceleration

Feedback

optimization

-~ Pixels -

.........................

Task 3.5: Power-Trust
Management HW

Trust L
. . Explore | Optimize
estimation
p———

Analog-to-Insight converter

...................

Task 3.1:
Trust Assessment

controller

Feedforward
controller

- —

Repair

Feedback from the downstream processing

.........................................................

Task 3.2:

Adaptive Feature

Extraction

Task 3.3:
Dynamic Power-Trust Scaling
Closed-Loop Control

Create new algorithms and analog-
mixed-signal hardware for trust
assessment

Create adaptive feature extraction
algorithms for dimensionality
reduction

Create the feedback and
feedforward control systems for
the dynamic power-trust scaling

Create programmable energy-
efficient hardware for the
algorithms to be developed

Create power-trust scaling knobs in
the sensor front-end hardware
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Lead: I. Partin-Vasiband (UIC)

Thrust 4: Heterogeneous System Integration

Enabling the A2I&C engine via compact and dense multi-spectral sensor with power, signal, and thermal integrity

e Advance monolithic 3D and heterogeneous

. . Technologies
integration (3D/HI) = Models
Learning-based hierarchical simulation Eé::fé;.gdr:mgl; S Pixel-grain optics Circuits
e System-wide thermal management and electro- o e aearated (oo 3 Power delivery Algorithms
] mu tl-spectra sensor T Architectures
thermal modellng : = | ] Design methodologies
D I h h | d b Cl d | L iE E ! < Platform for ! ?——\ cenehmarking

N S | 1! Optical Adaptive heterogeneous

eve .Op lerarchica ISl.'.I"I utea power e ivery : M'Df }/ .Bp'?x?éP i 5%’6’.‘_3‘}1 | ;:)ow e delivgéry
from interposer to multiple voltage domains sensor stack li oL\ with pixel-grain resolution

with pixel-level dynamic voltage regulation

Develop simulation platform for the A21&C
engine with analog inputs from the 3D stack

Thrust 4 also serves as a focal point for

Distributed,

collaboration with JUMP 2.0 Technology Center  semisupenises (A " Deie aibuiohe |
: . . compuesionaty (O for e i
6 for 3D/HI integration and advanced cooling fessle %X FO— ensinanns gg | i
. - * Electrical models : LI
teChnOIOgleS O/ + Thermal models | Printed Circuit Board =l |

Design-for-simulati

Antenna array ~
Low-k dielectric « *
N
Photodetector array NN
~ ‘\

In-package voltage regulation
with high frequency switchers

Thermal I/O aee=ei®

RF SiGe/SO| dig =mmmmaaa=
TSVs -----zemcen

Cu-Cu 1/Os for L""'.

impedance and -7
loss control

Complete sensor: front-end monolithic 3D ICs, A2l & control engine, and
voltage regulation module — all heterogeneously integrated on interposer
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Lead: V. Raghunathan (Purdue)

Thrust 5: System Software and Integration

Develop run-time framework for safe and secure sensing-to-action even with unreliable CogniSense sensors

e Develop programming and run-time framework Application Layer
at the host to dynamically manage CogniSense | FEsesmmmmssusss e
sensors against sensor non-idealities and St: i Step 1: Object and Feature

] : pecific Actions Configuration
adversarial attacks - ’ [r— (Step X: Switching Features On-

* Develop a framework for tracking sensor’s ‘ \jﬁ' Q% \é T T, emand),F“ (d :
reputation by integrating domain-knowledge 7'y
and past performance S s 1 ..............................

* Closed-loop perception protocols where host Step 3: Path Planning Step 2: Sensing and
uses reputation and trust scores to and Navigation Feature Extraction

continuously configure the in-sensor controller 99 A )* % 'ﬁ' .))) ﬁ

e Thrust 5 also integrates various

developments across the CogniSense Flight Control Layer CogniSense
center for proof-of-concept
demonstrations Dynamic reconfiguration of CogniSense sensors at the application

layer by adapting against environment features, autonomy objectives,
sensor health and trust, and available energy resources
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Cross-Center Collaboration

Theme 1
Cognition

New Al & ML Modeyg

Closed-loop Attention

Maximal feature quality at
minimal sensing power

CogniSense

eterogeneous Integratio
Ry compact form factor

e
osor H ‘Sve
Ardware Prot®

€mory Systet"l'\'5

Theme Name of the Center Potential Topic of Interactions

1 Cognition New AlI/ML models for feature
COCOSYS (GaTech) extraction

2 Communications and Connectivity | Joint communication and sensing
CUDIC (Columbia)

4 Systems & Architectures for Distributed sensing with
Distributed Compute CogniSense and integration with
ACE (UIUC) cloud

5 Intelligent Memory and Storage Impact of new memory technology
PRISM (UCSD) in design of feature extraction

algorithms.

6 Advanced Monolithic and New heterogeneous integration
Heterogeneous Integration technologies; advanced cooling
CHIMES (Penn State) solutions

7 High-performance Energy-Efficient | New detector devices; new analog

Devices for Digital and Analog
Applications
SUPREME (Cornell)

devices for feature extraction

@ CogniSense
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Summary

* Objective.

» Develop cognitive multi-spectral sensors that directly generate trustworthy insights from wideband multi-modal analog
signals using closed-loop feedback control of the sensor hardware and feature extraction algorithms that enable energy-
efficient sensing-to-action.

e Approach
» Technology & circuits for mm-wave MIMO radar, passive imaging, and lidar to achieve sensor convergence with
adaptation for energy-efficient feature detection
» Analog-to-insight algorithms & hardware to extract low-dimension features from high-dimension analog signal.
« Maximize feature quality and save sensor power in a dynamic scene with real-time closed-loop-attention control.
» Heterogeneous integration methods to achieve compact form factor with power, signal, and thermal integrity.
» System software and integration methods for safe and secure sensing-to-action with cognitive sensors.

e Qutcome.
» Multi-modal sensing arrays that eliminate corner-case obstructions in machine perception in autonomy.

« Sensors that make efficient use of the resources (data bandwidth and power) by only sampling the most useful part of a
scene and generating only the most useful features.

» New research direction to design a new class of sensors that, instead of being a point solution, learns to dynamically
traverse a curve in the quality versus resource space in evolving environment.
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