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ABSTRACT: Machine learning and artificial intelligence (ML/ AI) are 
rapidly becoming an indispensable part of physics research, with 
domain applications ranging from theory and materials prediction to 
high-throughput data analysis. In parallel, the recent successes in 
applying ML/ AI methods for autonomous systems from robotics to 
self-driving cars to organic and inorganic synthesis are generating 
enthusiasm for the potential of these techniques to enable automated 
and autonomous experiments (AE) in imaging. Here, we aim to analyze 
the major pathways toward AE in imaging methods with sequential 
image formation mechanisms, focusing on scanning probe microscopy 
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Abstractions make the (automated) world go round

Hammer, Leonov, Bell and Cronin, JACS 1, 1572 (2021)

“Chemputation” – Digital chemistry PycroManager

A complete programming language for 
chemistry that can run on open hardware

Pinkard, et al. Nat. Methods. 18, 226 (2021)
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Hardware abstraction - FPGA Software abstraction - python

Call low-level functions to control tip 
position, scanning (e.g., raster, spiral, 
move etc.), specify voltage 
waveforms, collect data all in 
Jupyter notebook

Enables design of complicated 
automated and autonomous 
experiments, hardware independent

Instrument 1 Instrument 2

Hardware 
connection layer

Software layer
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Progress: Real-time automated experiments in SPM

Streaming functional fitting during 
scanning on the microscope

In-line inference

Image-based feature finding
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“Smart” Microscopy Experiments

Kelley et al. ACS Nano 
14, 10569 (2020).

Techniques
• Adaptive sampling
• Structure-triggered events
• Streaming analysis with model 

comparisons “on the fly”

Yields:
• Enables more efficient and more 

complex measurements
• Engineering new metastable states
• Better hypothesis testing for physics 

discovery
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Real-time automated  SPM

Data preprocessing

Upload to dgx for 
Bayesian Optimization

Provide list of new 
measurement 

conditions

Measure a batch 
of hysteresis loops

• For long spectroscopies, measuring every pixel across a grid is not feasible. Bayesian optimization 
enables sampling only those points that will maximize a property of choice, enabling new 
experiments that would otherwise not be possible
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total ti■e in this step : 31 . 15586792868118111 
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Autonomous workflows

Materials design problem in 
microscopy: how we can 

modify materials intelligently

Write 
automation 

script

Collect data on 
state transitions 

with policy

From data, train 
a surrogate 
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Workflow

Domain 
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Simulations
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Random Policy-> data collection
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Workflow elaboration (future idea – not current)

Write 
automation 

script

Collect data on 
state transitions 

with policy

Surrogate 
model training

Workflow

Massively parallel 
simulations

Train 
autonomous 
agent, obtain 
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Computational Needs: Streaming, Near Edge and HPC

Instrument

“Streaming” Edge

FPGA*

Jetson 
Nano

~64 MB/s ~ MB-GB/run

GPU “Far” Edge

DGX-2
16 GPUs

Summit
~27000 GPUs

Leadership Class

Feedback for control

~ 10+GB/job

Simulations and Model 
Refinements
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FPGA
•Fast feedback/control
•Filter data streams
•Run trained CNN’s in 
real-time

A/D

Instrument CPU
Compile Data Streams 

into Images and Spectra

•Fast control
•Filter data streams
•Run trained CNN’s 
in real-time

D/A

DGX

Electron Microscope Scanning Probe Microscope

Signals Out Signals In

Guidance on Optimal 
Next Locations and 

Experimental Parameters 

Edge Computing at the Instrument Level

Microsecond
Level

Millisecond
Level

Seconds
to 

Minutes
Level

High Dimensional Data
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