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While Machine Learning (ML) has made numerous advances in the analysis of "big data", as this type of
data is initially generated for other purposes, ML tends to uncover new insights by serendipity, i.e.
valuable previously unknown trends in the data are found, but which specific areas these trends will relate
to, cannot be determined a priori. Scientific data used to characterize materials or processes on the other
hand is generated with a specific project in mind from highly specialized and expensive equipment,
making the generation and analysis of a diverse "big dataset” impossible. However, we can use the way
that ML analyses "big data" to learn which parts of any given dataset are most useful for interpretation,
and then design our experiments to generate only that "targeted data™ which is most useful. For state-of-
the-art electron microscopy, compressively sensing (CS) and reconstructing images / spectra using an ML
framework is particularly valuable for obtaining quantitative multi-scale hyperspectral data under
extremely low dose and/or dose rate conditions with significantly accelerated framerates. The dose / speed
/ resolution optimization that is possible using these methods creates wide-ranging new opportunities to
avoid major electron beam damage and enables quantified observations of metastable materials and
materials dynamics to be made.

The benefits of CS/ML for electron microscopy can be easily understood if we consider the types of
datasets that can be obtained in a microscope. In SEM, TEM and STEM, 2D (with x and y spatial
coordinates for each pixel), 3D (x, y, z) and hyperspectral (X, y, z, DE) images all record an intensity, |
(with a number of independent grey scales), at each pixel at each particular time interval Dt. In some forms
of images, such as ptychography and electron backscattered diffraction (EBSD), the intensity itself can
have a 2D distribution, I (X, y) - a complete 2D image/diffraction pattern is acquired at each 3D location.
For a complete 3D, dynamic hyperspectral ptychographic image there would be 7 dimensions to the

dataset, that with a standard resolution of 1,000 data points (pixels) per dimension would have 102! total
pixels! Recording such a dataset would obviously be impossible under standard image acquisition
conditions, even if each pixel requires only a picosecond. If we could decrease the number of
measurements being made in each dimension, however, we could significantly reduce the time and
electron dose on the sample needed to achieve this resolution. As an example of how this could work,
Figure 1 shows the example of the reconstruction of a hyperspectral set of images from a satellite, where
only 0.5% of the data is needed to accurately reproduce the full dataset. A similar result is shown in Figure
2, with a simulated atomic resolution Z-contrast image as the test case.

The key to using this approach successfully is knowing how many of the pixels you can eliminate in each
dimension and still be able to extract the information that you want from the image (and it is not clear that
each dimension should have the same number of pixels). Additionally, for the imaging approach to have
wide-ranging applications, it must be able to adapt to the sample, scene, or process being imaged, always
using the optimum number of pixels required to achieve the spatial, temporal and spectroscopic resolution
needed to characterise the results uniquely. A combined hardware/software system to achieve this flexible
and optimal sampling approach is currently being developed by Sivananthan Laboratories and is being
tested on Z-contrast, ABF, ptychography, EELS and EDS in the STEM. In this presentation, we discuss
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the progress with these methods and limitations to these methods imposed by their practical
implementation on existing microscopes [1-6].
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Figure 1. (left) A fully sampled image can be recovered (center) using 0.5% of the pixels and an inpainting
algorithm (right).
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Figure 2. Representative reconstructions for Z-contrast images with a dose of 10 e-/A2. (a) Low-dose, (b)
Jittered and (c) adaptive reconstructions from the sub-sampled images. The jittered/adaptive
reconstructions use 10% of the pixel locations. (d) the resolution of the low-dose and jittered images is
the same but jittered is 10x faster. Adaptive sensing is 10x faster and the same resolution can be obtained
with 10x less dose.
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