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Multitude of Instruments

Atomic Force

Micro Raman Microscope .
Microscope (AFM)

spectroscopy (AFM-IR)

Scanning AFM with Raman
Tunneling

Microscope (STM)

Scanning

Transmission

Electron
Microscope (STEM)
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What we wanted

Instrument Tier

?

AA

Interactive visualization, analysis,
storage on supercomputers
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Growing Data Sizes and Dimensionality

Evolution of Scanning Probe

Microscopy Data .
by  Data sizes have grown from

LTBr / ~10MBto~1TBin 10
|
100 cal years!
v 10 GBf- .
N . . .
| TRonsweepBE * Dimensionality ranges from
. FORC-BEPS — 1D spectra to 7D
O 100 MB|- AC SR = T OL-BE-KPFM. hyperspectral datasets
BE thermal
owe TR e
e Cannot use laptops to

2004 2006 2008 2010 2012 2014 2016
Year analyze data
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Instrumentation Software Inadequate for Analysis

e Software provided for controlling instruments
typically only comes with basic data analysis
capabilities

* Integrating user-developed functionality often

impossible
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Multitude of File Formats

* Proprietary
* Incompatible
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» Clustering
» Fit spectra ...
—

Disjoint & Unorganized Communities

FFT Filtering
« SVD Fllterlng

Filter Image

Fit Spectra

Register Image
\ SVD Filtering ..
FFT Filtering \ meglster Images

» Classify Images

. Clusterlng




Cannot Share Code Efficiently

HIGHLY instrument-specific code

Different programming languages

Often licensed / costly software like Matlab
Most popular sharing method = email!

No centralized repository




Problems Opportunities in Imaging

1. Closed science

a. No traceability for data analysis
b. Results not (readily) reproducible

2. Multiple, incompatible, proprietary data formats
3. Disorganized and unorganized communities

4. No proper analysis software

5. Growing data volumes, variety, and dimensionality
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The Solution

Instrument Tier

Automated, standardized,
modularized data acquisition

Instrument-agnostic, self-describing,
l'u: model in HPC-friendly file format

Centralized repository for data
processing, analysis
P croscopy

Interactive visualization + analysis +
storage on supercomputers
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Expectation of Data Model / File Format

File format - Established standard in scientific research

Store multiple datasets of different shapes, dimensionalities,
precision and sizes.

Scale very efficiently from few kilobytes to several terabytes

Able to read and write data using any programming language
including Python, R, Matlab, C/C++, Java, Fortran, Igor Pro, etc.

— (without requiring installation of modules that are hard to install)
Store metadata - experimental or analysis parameters

Highly flexible and poses minimal restrictions on how the data can
and should be stored.

Compatible with cloud and high-performance computing
paradigms (support parallel read and write)
&OAK RIDGE 11
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Universal Data Model

» Data stored as 2D matrix of (position x Example data types:
spectral values) regardless of dimensionality ~ * 2D images = (N ;s X 1)

* Ancillary datasets explain the data * Single spectra = (1 X Z,)

* Spectroscopy on grid = (N
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I n d ICES observable A index N [ i o 3 4

| observable Dvalue | 0.125[ 0.125| 0.125| 0.125[ 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125,
observable Cvalue | 0.125[ 0.125| 0.125| 0.125[ 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.125| 0.25] 0.25| 0.25| 0.25] 0.25| 0.25] 0.25| 0.25| 0.25| 0.25| 0.25| 0.25] 0.25| 0.25| 0.25[ 0.25
Spect roscopic ﬂobser\/able Bvalue | 0.125| 0.125] 0.125[ 0.125| 0.25] 0.25| 0.25| 0.25[ 0.375| 0.375| 0.375[ 0.375| 0.5 0.5 0.5 0.5 0.125[ 0.125| 0.125| 0.125| 0.25] 0.25| 0.25| 0.25| 0.375| 0.375| 0.375[ 0.375| 0.5 0.5 0.5/ 0.5

observable Avalue | 0.125[ 0.25| 0.375] 0.5 0.125| 0.25 0.375| 0.5] 0.125] 0.25| 0.375| 0.5[ 0.125| 0.25] 0.375| 0.5] 0.125] 0.25| 0.375] 0.5 0.125| 0.25] 0.375| 0.5| 0.125] 0.25| 0.375] 0.5 0.125| 0.25| 0.375| 0.5,

Values
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https://github.com/pycroscopy/pycroscopy/blob/master/docs/Pycroscopy_Data_Formatting.pdf

Universal Data Model — 1D spectra

& Positions

Time / Spectroscopic =2

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

INEZA

 Each measurement = 17 data points in time
* Single measurements = single entry in Positions axis
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Universal Data Model — 2D Image
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Universal Data Model — Spectra on Grid

* S data points per measurement
* MxN measurements

Time 2

Suhas Somnath, somnaths@ornl.gov

< Positions

MxN
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Hierarchical Data Format (HDF5)

A HDF5 file is a smart container

— Capable of storing multidimensional datasets,
Images, text, measurement parameters, etc.

— Contents organized like traditional folders and
files

* Groups - Analogous to file folders
* Dataset — 1 to N dimensional data

— Integer, floating point, complex numbers etc

* Attributes — {Key : value} pairs useful for describing
data and experimental parameters, etc.

* Easily accessible — C, C++, python, Java....

* Tree structure + nomenclature +attributes
are records of workflow applied to dataset

* Parallel read / write, HPC compatible

|E pzt_nanocap_G_split_bayesian_compensatic
¢ ‘@ Measurement_000

¢ ‘@] Channel_000
B Excitation_Waveform
B Position_Indices
B Position_Values
B Raw_Data
? ﬁ Raw_Data-FFT_Filtering_000
B Composite_Filter
B Filtered_Data
¢ @ Filtered_Data-Reshape_000
B Position_Indices
B Position_Values
B Reshaped_Data
? i Reshaped_Data-Bayesian
B Rolled_Bias
ﬁ Spectroscopic_Indices
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Expectation from Software

* Easy to learn and understand

* Strong support-base

 Established community standard

e Straightforward to implement and maintain

* Optimized libraries for scientific and numeric algorithms
* Access to existing imaging related packages

* Free

* Scalable to multiple CPU cores and HPC

&OAK RID(Jh 17
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(Purely) Programmer-Driven Solution

Software connecting scientific instruments to supercomputers
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. L. Secure
Scannlng_ Transmission Data %OAK RIDGE E@:DREIEs%p
Electron Microscopy (STEM) Transfer National Laboratory | COMPUTING FACILITY
Scanning Probe
Microscopy (SPM)

.

\_ J . J

* Successes:

— Easy to use —

Point-click

Fast —on
super-
computers

* Shortcomings:

Very long
development
cycle

Very expensive

Brittle (points
of failure)

Scientists had
no control!!
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Python for Scientific Research

f . ) ) N\
* Facilitates innovation
[ Very easy to learn + code ] “ | octltates Innovat
TM

* Improved adoption of
open source new methods / standards

Numerous, powerful

* Accelerates scientific progress
libraries for science \ -
Cross- ] &
platform \*Iao S
4 Established standard for: A
* Microscopy * Data science
* Microbiology * Neutron science
\’ Deep learning ¢ More! )
Strong user _.._}\ . I
community  [=lstackoverflow [AII for a princely sum of .... SO : ]
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pycroscopy

* Python package

* Open source & free
* Written by scientists
* Data centric

* Instrument-independent
data model in HDF5

P ' °'°’¢°P9 * Instrument-independent

analysis algorithms

— Reusable across scientific
domains

%OAK RIDGL 20
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Pycroscopy - Organization

e

pycroscopy
1/0 Analysis

* Physical model specific
e Fitting to model, etc.
* Physics based Regression

* Data translators (proprietary
formats to HDF5)

core
 HDFS5 file i/o operations
 Base classes, visualization...

Processing
* Physical model agnostic
* Image filtering, registration,
etc.

Visualization
* Plotting utilities
* Jupyter widgets
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Entering the Pycroscopy Ecosystem

* hdf5 file is the hub for all operations
* Analysis, processing, visualization available after translation to .hdf5

From
instruments

ye

pycroscopy N

10

Translators
Microscope_1,
Spectroscope4,

Camera_X,

Visualization
Processing

1
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Pycroscopy — Instrument Agnostic Code

* |Instrument-agnostic data allows instrument-agnostic code
* Single version of analysis and processing routine

* Brings multiple scientific communities together

SPM TP
Multispectral FFT filtering
imaging
Ollc 5
STM |-V
t
spectroscopy

STEM cl ]
ptychography —> GlEierng

Suhas Somnath, somnaths@ornl.gov
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Pycroscopy - Well documented

Guides to Pycroscopy

FoakFinder apphed to pixel
a1 row: 303, cot 19

X

-
.

ol o
- 3

Formalizing Data
Processing

Primer to HDF5 and
h5py

Translation and the
NumpyTranslator

Input / Output /
Computing utilities

wevvbet, ek Mured fmats o€ buden. 1421

Speed up computations
with parallel_compute()

Utilities for handling
data types and
transformations

Plotting utilities

0C Gttt

The PycroDataset

Utilities for reading
Pycroscopy HDF5 files
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Jupyter Notebooks

er * Interactive documents
s * Exploratory programming

Jupyter Notebook  Code
* Text

JUPYTET  Losers i tial Equations e .

L . . L LR - - -
T T —— Exploring the Lorenz System ® I m ages
. . » . .- - I::. ’ .

e * Interactive — slice

=4l = through data, pan, move,
—ll ; rotate ...

Swen v .
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Pycroscopy - Supporting User Research

Before 2016

Since 2016

Scripts + complicated, Matlab GUI
Witten by dedicated software engineer

Not customizable

2-3 hours of training before use

Deployed only on two offline workstations
due to licensing restrictions = queue

Will remain on off-line desktops

Set of simple Jupyter notebooks

Written by material scientists

Completely customizable.

Notebooks include instructions.
required!

Each user gets VMs with jupyte
server

NO training

r notebook

In the process of switching to co utatlons

on clusters
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Truly Achieving Open Science, Reproducibilit

Jupyter notebook associated with paper

Aim — ALL scientific journal papers e
accompanied with: e T T
« Jupyter notebook that shows all e e

analysis (raw data - figures). TR o1, 1 et e i Sl

ahow_plote~Troue, uoe ral

: show_plotasralee)
[ a a WI n u I I I er fig tilt . mavefigion.path. jolnjochesr figurwa_foldsr, 77 filter oo lise (j.pog’.farsst|cow_ind

)1, format='png’, dpi=d00)

rav_rov = np.rashapeihd sain{row_ind}, (+1, pto_per _cyvie))
Lt _row » 11t _line.reshape|~l, pets_per cyvle}

fig, aves « px.plot utile.plot loops|single AD, |[raw row, fLlt row|, dataset nasess| 'how', 'rFl
i _/\ Ttwred' |,
line colosw=|'t', "'B5'], = label«"Diss (V)', title='rrr ri

NAre

Itering’,

- plots_on_nide=), y labei= Currant (nh) ',
COMMUNICATIONS subtitless Bows * + strirow_isd) « ' Coli')
fig. saverig(os.path, Jolnjother_flgureo folder, 'Sxargls filtered loops from line (),png'.forsa

tirow ind)), farmat='png', dpi=300)

Raw Signal

ARTICLE

el 017-02458 OPEN

fast current imaging by Bayesian inversion

03

Ultra

Magntude (o w)
-
5

10! Raw
> N 2 . Composite Fimpr |
S. Somnath® 2 KJH, Law™?, AN Morozovska@ &, P Maksymovych '2, Y. Kim®, X Lu@® M. Alexe’  C o | Nolse Threshold
R Archibald'd, S.V. Kalinin® '2, S, Jesse'? & RK. Vasudevang 2 -t - < 7 - =

Iomcssk namnmets f oot wkom s i e meon & DOl associated with data (raw = paper figures)

earkest and one of the mos! comman methads for characterzing o energy-dependant

oloctronic proporties, providng insght inte supercanductive, semiconductar, and memeistive

behavicrs. However, the quasstatic nature of these measurements renders them extremely gi';f::gct.:‘;::,:n::.hsbom‘ory 1 0_ 1 31 39/0 LC FI1 41 0993 Download

saw. Here, wo demonstrate a fundamentally new approach for dyramic spectroscopic cur-
rent imaging wa full information capture and Bayesian infererce. Ths genera-mode -V

method allows three arders al magnitude faster meaaurement rates than peesently possible AUthors

The technique is demonstrated by acguring M~V curves in farroelectnc nanocapecitors,

yieldmg >100,000 1-V curves in <20 mn. This slows detection of swmitchng currents in the Somnath, Suhes nomnatsgornl gov

nanoscale capactors, as well as determination of the dislectric constant. These experiments Law, Kody tawk|Eoml.gov

show the potential for the use ol hull informabon caplure and Bayssian mference tawsrd Morziesks, Anng  annd.n, mocceovssaiRamill com
extracting physcs from rsoid 1-Y measurements and can be wsed for rarsporl messure- Makyymowych, Patro musksyrmavychpiSoml gov
ments in both atomic foece and scanning tunneling micrascopy. X, Yurneok ylomisddEZgmal com

L, Xisoll *hgRodian edu cn
Ay, Monn M.ANaxslwarsice s uk
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Pycroscopy - Scientific Advancements

3,500x faster imaging via
adaptive signal filtering,
linear unmixing of signals

10

--------

10°

10’ 10° 10°

4 _4 0 _4 8
Frequency (Hz) Excitation Bias (V)

Identifying invisible patterns
using multivariate analysis

Separating uncorrelated
200x faster . data from correlated data to
Spectroscopy via clean images
Bayesian inference

Simplified navigation multidimensional data - users

SPECIross 4439 X 18 ¥ 19
opk

Frequency 3473110, DC_Offset 0.9, Cycle: 00 Fhase

BE step

B U %
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T T (
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Pycroscopy Progression

Scaling up Computing:

.

g 5 Jupyter
SBli- o

2016 2017 2018 2019

Single core Multi-core Multi-core JupyterHub
Single CPU Multi CPU On HPC

Emphasis always on ease-of-development instead of raw performance

New Scientific Domains:

+
+ Scanning Mass
Atomic Transmission Spectrometry +
Force Electron + Bio- Neutron
Microscopy Microscopy Chemistry Science
2016 2017 2018 2019
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Thank you

Questions?
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