Opportunities for Edge Computing and ML across Science Domains
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Abstract We present three current projects that span scientific domains yet share functional similarity for processing of sensor data: magnetic plasma confinement (DOE-FES), attoclock spectroscopy (DOE-BES), and Time-Tagged radiography (NIH). There 1s an opportunity for
synergistic development of a streaming transformation pipeline from analog sensor signals into information dense representations.

Magnetic Confinement for Fusion Energy

Magnetic confinement for plasma fusion poses numerous challenges for
real-time signal processing and control. So-called Edge Localized Modes
(ELMs) can channel damaging energy bursts onto reactor walls. Low-
latency machine learned control models could suppress or stabilize these
self-destructive plasma oscillation modes. Such control requires real-time
actionable diagnostic information regarding the spatially dependent state of
the plasma.
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Figure 1. (left) Schematic of magnetic plasma confinement in a tokamak
reactor as DIII-D shown here adapted from Refs. [1,2]. (right) Example
channel layouts for the Beam Emission Spectroscopy (BES) detector cour-
tesy of Ref [3].

In Figure 2 we can see 3 individual points in the plasma using one of two
types of diagnostic sensor, Beam Emission Spectroscopy (BES) and Elec-
tron Cyclotron Emission (ECE). We produce a rolling spectrogram of the
signal (spectrum along vertical, time along horizontal) followed by a set
of 2D convolution filters with logarithmic scaling to enhance mode visibil-
ity. Insets show similar frequency patterns across channels. Figure 3 (along
poster bottom) shows that during a 2 second long shot, these shared patterns
“breathe” during plasma evolution. The breathing represents the spatially
correlated signals.
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Figure 2. The top
2 panels show two
of the 40 ECE chan-
nels.  The bottom
panel shows one of
the 64 total BES
channels. Each
panel shows the 2D
Fourier power spec-
trogram (frequency
along vertical, time
within shot along
the horizontal).
Insets show that
cross-channel, even
cross-diagnostic,
matched patterns
motivate deeper
layers that collate
upstream single
channel layer out-
puts.
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Dynamic Configurations

e The BES and ECE channel layouts do not resemble conventional imaging

sensors where deep neural networks have enjoyed wide application,
* BES layouts are re-configured for each experimental campaign,
e [rregular physical layouts are 1ll formed for conventional convolutions,

 Spatial dependence of channel correlations are key to locating edge 1nsta-
bilities, e.g. Edge Localized Modes (ELMs),

* The lab-frame to plasma-frame correspondence varies with the state of
the plasma which we are trying to predict.

Simulation Challenge

e Highly non-linear system that incurs some of the highest computational
costs for simulations, e.g. challenging for Summit@ORNL,

e Accelerating simulations with less costly surrogate models 1s an active
research effort.

Data starved
e Scientific papers can be based on only one shot of 2 second duration,
e Rare modes show less than 100 examples,

e Conventional “augmentation” methods of rotation and translation are in-
appropriate (until surrogate models can be trained),

 ML-based classification efforts rely heavily on a “golden standard” of just
over 1000 shots, each with only a few labeled ROIs. [4]
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Figure 4. Proposed FPGA-based data flow for pre-analysis “featurization”
and plasma state inference.

Pre-processing

e A “patch” of rolling spectrogram image, windowed power spectrum along
vertical columns in time-steps along the horizontal dimension.

e Computational efficiency of discreet cosine transtorm (DCT) to optimally
increase information density,

e Pattern of behaviors for hot features across channels in deeper collating
layers.

Attoclock Spectroscopy for LCLS-11

Attoclock spectroscopy aims to resolve attosecond scale molecular elec-
tronic re-configurations by using soft x-ray resonant absorption and photo-
emission signals. Relevant methods [5, 6] rely on reconstruction of each
x-ray shot. The LCLS has therefore recently designed an angular array
of electron time-of-flight (ToF) spectrometers colloquially known as the
“CookieBox™ (Fig. 5). The drift time of emitted electrons is mapped to
emission energy by accounting for electrostatic control fields in each ToF,
a log(t) — log(FE) mapping. One dresses the gas-phase molecule in a cir-
cularly polarized optical field such that the electron emission experiences a
time-angle dependent energy shift. [7-9], producing a so-called sinogram as
shown 1n Fig. 6.

Figure 3. Sample of Beam Emission Spectroscopy measurements sampling the inter-channel covariance versus time during the shot.

Figure 5. (left) The CookieBox detector array, blue indicates the 20 ToF
spectrometer angles, the x-ray beam 1s directed central and coming out of
the page. (right) Fitted logarithmic mapping from time-of-flight to energy
optimizes resolution distribution.

Figure 6. Example angular
emission for the attoclock spec-
troscopy case for a few spike spike
shot. Note that sinogram recon-
struction algorithms are common-
place in the radiography commu-
nity.

Dynamic configuration

e Any or all 20 angles (blue 1in Fig. 5) can be populated with ToFs, each
with potentially different (and drifting) retardation, e.g. energy windows

 Cross-channel correlations represent the relevant sinograms of Fig.6 and
would be collated similarly as in FES case.

 FPGA implemented networks for initial phase achieve desirably low few
t-second scale latency [10].

Data and Simulation rich

e Parasitic operation as on-line FEL diagnostic with feedback to accelerator
control system,

e Currently building Edge @LCLS<—=ALCF@Argonne data<—=-model
exchange.

Time-Tagged Radiography for ToF-PET

Transferring the x-ray timing methods from the LCLS to time-
of-flight Positron Emission Tomography (ToF-PET) could deliver
a 100-fold improvement 1n 1maging resolution and allow di-
rect 1mage reconstruction. [11] We are therefore pursuing a joint
project with Stanford Radiology to significantly improve the coinci-
dence time resolution based on the 2D-spectrogram timing method.

Figure 7. Two-dimensional spec-
trogram encoding [12, 13] of fem-
tosecond time-resolved x-ray ma-
terial interaction. Each column of
the 1mage represents the spectral
encoded arrival time of a photon
for a particular spatial location.

Static configuration

e Spectrum — time mapping along each column varies with temperature
and drive-laser intensity,

e Inter-column correlations encode the spatial mode of the x-ray pulse,
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* The space — column mapping is fixed but pathological and so must be
collated 1n deeper layers as in the Fusion and Attoclock examples,

Open Data/Model Marketplace for All

The common theme across all three use cases of Edge Computing and ML 1s
that they will all similarly and actively transform the raw signals into action-
able information. Adoption of an open data and model marketplace would
encourage sharing of validated methods over “hand rolled” fragile methods,
ensure data integrity, and enable forensic provenance reconstruction.

e Searchable such that data and models where use cases have high degrees
of functional overlap,

* Encode the data transformation chain in a record that identifies active
models,

* Model versions would include identifiers to the training and validation
sets.
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Figure 8. Proposed development of an integrated dataflow transformation
with integrated provenance tracking.
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