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Time-lapse cameras are commonly used to capture high-frequency images of glacier flow, providing qualitative
and quantitative data with minimal maintenance. However, the use of a single cameras hinders the possibility
to compute 3D models, estimate volumetric changes, and apply change detection algorithms. Existing software
packages such as ImGraft (Messerli and Grinsted, 2015), Pointcatcher (James et al., 2016), and PyTrx (How et
al., 2020) allow the calculation of glacier velocities from oblique time-lapse images by feature tracking, but are
limited to monoscopic camera systems. SfM software packages for multicamera systems, such as Agisoft
Metashape or Colmap, rely on traditional Feature-Based Matching (FBM) that may not be suitable for wide
camera baselines (Yao et al., 2021). This work presents ICEpy4D, a Python-based toolkit that integrates deep
learning-based wide baseline matching with multi-epoch 3D reconstruction for glacier monitoring. ICEpy4D is
available at https://github.com/labmgf-polimi/icepy4d/.

ICEpy4D is a modular toolking that allows for the following processing steps (Figure 1): (i) identifying corre-
sponding features and solving relative and absolute camera orientations; (ii) tracking features in single camera
time series to automatically detect targets in consecutive images, (iii); performing Bundle Adjustment (BA) and
generating dense reconstruction by using external libraries, (iv) process time series of point cloud. ICEpy4D
uses pre-trained SuperPoint+SuperGlue neural networks (Sarlin et al., 2020) for feature matching, which have
demonstrated superior performance over traditional FBM with wide baselines (Yao et al., 2021). The BA cur-
rently relies on the Agisoft Metashape Python API, which is seamlessly integrated into the ICEpy4D workflow.
Alternatively, COLMAP can be used for BA, but without GCP support. Similarly, densification can be per-
formed by Metashape or COLMAP. Point cloud processing is implemented using the open source libraries
Open3D and CloudComPy.

A low-cost stereoscopic system was installed on Belvedere Glacier in summer 2021 (Ioli et al., 2023). It con-
sisted of two time-lapse cameras placed respectively 180 m and 340 m apart from the glacier terminus, with a
baseline of 260 m. Daily stereo pairs acquired by the cameras were processed using ICEpy4D. Camera positions
were assumed to be fixed, while camera rotations, caused by wind guts, were estimated by BA, including GCPs
located in stable areas. Ice volume loss was computed by DEM of Differences (DOD) between pairs of point
clouds spaced by five days to increase the signal-to-noise ratio, resulting in a loss of 6.3 x 10*m? of ice (Figure
2a) and a glacier retreat of 17.6 m (Figure 2b) from May to November 2022.

ICEpy4D is a promising toolkit for 4D glacier monitoring using affordable stereo/multi-camera setups, that
incorporate a 3D component into multi-temporal glacier monitoring, ICEpy4D, enabling volume variations
computation. ICEpy4D is under active development and new features are planned for the near future, including
testing the open-source CERES library as a replacement for Agisoft Metashape for BA and deep learning tech-
niques for dense reconstruction. Furthermore, ICEpy4D will be extended to interface with other libraries such
as py4dgeo (Anders et al., 2021) for 4D point cloud processing and PyTrx (How et al., 2020) for monoscopic
feature tracking.
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Figure 1. Scheme of the main workflow that can be performed with ICEpy4D.
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(a) (b
Figure 2. (a) Cumulative ice volume lost at the terminus of Belvedere Glacier from May to November 2022, (b) Belve-
dere Glacier retreat between May and November 2022, estimated as the location of the terminal ice-cliff upper boundary
along a cross section parallel to the streamwise direction (labeled as X) and located at the center of the glacier terminus.
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