


section, we demonstrate the versatility of several processing steps and
highlight the modular components within the workflow.

Our classification routine comprises eight steps (Fig. 14), all of which
are applicable to a variety of camera deployments with potentially
different sensitivities (IR, UV, VL), image acquisition rates, and resolu-
tions. Although other volcano datasets may be trained with greater or
fewer classes than those used at Villarrica, activity at any volcano can be
labeled according to the analyst’s needs. General steps include pre-
processing the raw images (i.e., removing the mean and best fit plane
within the FOV of interest). High contrast regions with similar color
characteristics may then be detected with the LoG blob detection algo-
rithm, which requires adjustment of only a single input parameter, the
sigma in the Gaussian LP filter. To demonstrate the value of the blob
detection algorithm we have applied it to a range of volcano image
datasets, with variable emission colors, shapes, and sizes. Diverse ex-
amples from Mount Erebus, Antarctica; Sakurajima, Japan; Santiaguito,
Guatemala; and Old Faithful Geyser, Yellowstone were all recorded with
different camera instrumentation, FOV, and distances to the vent, yet
their emissions are well captured after adjusting the sigma value
(Fig. 15). Time scales of eruptive activity, which affect feature quantifi-
cation, are also different for the various case studies. In the case of Vil-
larrica, the time domain filters highlight the minute-long nocturnal glow
activity and the more discrete puffing events, respectively. However, at
other volcanoes these filters may have to be adjusted. Feature space
reduction may also be particular to individual case studies. In order to
avoid redundant features, we remove features that are highly correlated
with a somewhat subjective threshold. Finally, parameterization of the
ANN is limited to its architecture, whose optimization is described in
section 2.2.

The PTRV algorithm can also be applied to a variety of volcano video
data so long as the images were acquired at sufficient frame rates to track
emissions without aliasing. Long-duration ISRCP records can be used to
distill large volumes of video data into a single figure that indicates
variations in activity over time. From these data the streak curvature may
be used to indicate both plume emission timing and exit speeds. For

example, we analyze 14-h of time lapse images from Sakurajima Volcano,
Japan, recorded with a GoPro camera located ~4 km from the vent and
acquiring images at 10 s intervals. Despite the differences in instru-
mentation and volcanic activity compared to Villarrica, Sakurajima
plume timing and velocities are also well quantified (Fig. 16).

The computer vision workflow presented here provides useful classi-
fication and quantification of eruption history, however it is meant to be
modular and features from other computer vision algorithmsmay be easily
incorporated depending upon objectives. To give a few examples, plume
areas calculated from the LoG blob detection algorithm may be calibrated
according to viewing angle and wind direction (e.g. Scollo et al., 2014) and
geometric assumptions may be applied to retrieve plume volumes. The
ANN we use to classify raw video may be replaced by other ML algorithms
used in volcanological studies including support vector machines (Masotti
et al., 2008; Langer et al., 2009; Cannata et al., 2011; Curilem et al., 2014),
decision trees (Hibert et al., 2017; Hajian et al., 2019), k means (Anzieta
et al., 2019), and k nearest neighbors (Orozco-Alzate et al., 2019).
Regardless of ML algorithm implementation, a well-chosen feature space is
the most important predictor of classification success (Malfante et al.,
2018; Hajian et al., 2019). Continuous video acquisition at volcanoes is
increasingly common. Versatility and modularity are key to providing

Fig. 13. Example (a) ISCP and (b) ISRP puffing from 21 March, hour 19 plotted
with corresponding infrasound recorded ~4 km from the vent. Gray lines
correspond to infrasound bandpass filtered between 1 and 10 Hz while bold blue
lines show a five second running average applied to the absolute valued infra-
sound amplitudes. Infrasound has been time shifted ~10 s to align with the
video data.

Fig. 14. Workflow of the volcano video classification (pink boxes) and char-
acterization of emissions associated with the PTRV algorithm (blue boxes).

Fig. 15. Eruptions from (a) Mount Erebus, Antarctica, (b) Sakurajima, Japan,
(c) Santiaguito, Guatemala, and (d) Old Faithful, Yellowstone and application of
LoG blob detection algorithm. Dashed rectangles indicate the manually cropped
region for which signals were analyzed.
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video distillation tools that are of value to monitoring agencies and sci-
entific studies.

5. Conclusion

Despite the prevalence of volcano web cameras and other long-term
camera installations at volcano observatories, video imagery has only
recently been used as a quantitative tool. We apply computer vision and
machine learning algorithms to two months of visible band video data
collected at Villarrica, Chile to further the scientific merit of long-term
video monitoring at volcanoes. The diverse activity surrounding the 3
March paroxysm is classified by an artificial neural network (ANN) that
identifies time periods of cloud cover, light emissions, dark emissions,
nocturnal glow and inactivity. We are limited by potential subclasses
within each mode of activity as well as relatively few instances of cloud
cover and light emissions in the training data but nonetheless find the
ANN performs with an overall accuracy of 93%. Time periods identified
as having plume emissions are further analyzed using a computer vision
algorithm (PTRV) that tracks emission timing and growth dynamics from
a buoyantly rising plume. Both classification and characterization algo-
rithms compose a generalized and modular workflow that can be modi-
fied and applied to other volcanoes with long term camera deployments.
Looking forward, researchers should not only continue to develop
generalized computer vision and machine learning algorithms but also
integrate seismic, acoustic, and other multiparametric data to better
constrain eruption dynamics and ultimately improve monitoring and
forecasting abilities.
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